Abstract: We use mixed-period dielectric grooves to surround a single metal slit to realize two-beam nonsymmetrical and symmetrical emitting for the transmitted light emerged from the subwavelength slit. This proposed slit-groove-based structure is formed by combining two typical slit-groove structures, both possessing unidirectional beaming but with different beaming angles. Here, the typical slit-groove structure refers to the single slit perforated in the metal film, and the slit is surrounded by periodic dielectric grooves on the exit surface of the metal film. By using the finite-difference time-domain method, the simulation results show that two-beam emitting can be produced with flexible splitting angles via such combined structure. In addition, the power ratio of two-beam emitting can be changed via using appropriate groove number to surround the slit of the combined structure.
Introduction
Owing to the wave nature of light, it is well known that light emerged from a subwavelength aperture (that is, aperture size smaller than the incident wavelength) usually diffracts in all directions. The above diffraction phenomenon thus limits the degree of photonic integrating, resulting in the sizecompatibility problem between photonic and electronic devices at nanoscale dimensions [1] , since the apertures such as holes or slits have been generally used as basic elements in photonic components. However, in 2002, it was experimentally reported that, when a subwavelength metal slit is surrounded by periodic surface grooves at the exit surface of the slit, the transmitted light emerged from the slit will concentrate as a beam with a small angular divergence. Such phenomenon for beaming light is called directional beaming [2] . Here, the typical slit-groove structure is with Bsymmetric[ grooves, meaning that the periodic grooves on both sides of the slit have the same groove period. The feasibility of this concept has also been indicated to apply to microwaves [3] , matter waves [4] , and acoustic waves [5] . Such astounding finding for beaming light has attracted much attention [6] - [9] over the last decade because the directional beaming provides us a way to bypass the problem for the above-mentioned diffraction of light.
In recent years, the directional beaming for slit-groove structures made of dielectric and metal (that is, dielectric grooves surrounding a metal slit) has been studied [10] , [11] . It has been found that such slit-groove structures can offer better performance for producing directional beaming than slit-groove structures made of purely metal [10] . In 2007, via the rigorous coupled-wave analysis (RCWA) method, it has been reported that off-axis beaming can be realized by using a typical slitgroove structure with Basymmetric[ grooves which means the periodic grooves on both sides of the slit have different groove periods. Here, the structure was made of dielectric and metal as well [12] . Soon after, the off-axis beaming was further confirmed experimentally in the microwave regime [13] . Then, via the finite element method (FEM), it was investigated that the off-axis beaming can also be realized in the terahertz regime [14] . Afterwards, a designed method based on Huygens' principle was proposed for controlling the beaming angle of the off-axis beaming for application in edgeemitting laser diodes [15] . More recently, a plasmonic directional beaming device with an expected off-axis beaming angle has been presented experimentally [16] .
In order to understand more about the underlying mechanisms for directional beaming, many works have investigated the interactions between the incident light and the typical slit-groove structure [17] - [19] . So far, some research groups have used Huygens' principle to theoretically study the directional beaming [6] , [18] , and others have proposed surface plasmon polariton (SPP) diffraction theory to physically explain the directional beaming [10] , [20] . In fact, it has been generally believed that the surface waves play important roles for the directional beaming [8] . Inspired by the finding that using periodic grooves to surround the slit can produce directional beaming, that is, the surface waves can be steered via periodic surface corrugations, recently researchers have investigated various slit-groove-based structures with subwavelength features for producing beam-splitting or multiple-beam emitting for manipulating optical fields within nanoscale and/or microscale dimensions. These structures have been studied due to their potential applications in novel beam-splitters for highly dense photonic integrated circuits. Some results are available on producing two-beam symmetrical emitting [21] - [27] ; however, the information about producing two-beam non-symmetrical emitting is limited [28] . Moreover, to our knowledge, no work has been made on combining two typical slit-groove structures to produce multiple beams.
In this study, we propose a slit-groove-based structure for realizing two-beam non-symmetrical and symmetrical emitting. The proposed structure consists of a single subwavelength slit perforated in a metal film, which is surrounded by mixed-period dielectric surface grooves that are made on the exit surface of the metal film. For convenience, we call the whole structure mixed-period slit-groove (MPSG) structure hereafter. In fact, the MPSG structure is formed by combining two similar typical slit groove structures with different groove periods. The details for the MPSG structure and simulation setup for our FDTD calculations will be given in Section 2. Section 2 also describes the SPP diffraction theory for deriving some basic formulae for verifying our numerical results. In Section 3, it is demonstrated that when the two typical directional-beaming slit-groove structures with different beaming angles are combined, two-beam non-symmetrical and symmetrical emitting can be created for the MPSG structure. In addition, it is shown that by changing the number of surrounding grooves for the two typical slit-groove structures to form the MPSG structure, the power ratio of the two-beam non-symmetrical emitting for the MPSG structure can be adjusted.
Modelling Structures, Theoretical Analysis, and Simulation Setup

Samples
The schematic of the MPSG structure, i.e., Sample 3, is shown in Fig. 1 ; this sample is formed by combining two typical slit-groove structures, i.e., Samples 1 and 2, as is also shown in Fig. 1 . Each sample in Fig. 1 shows a penetrated subwavelength slit in a metal film, where the slit is surrounded by a finite number of dielectric surface grooves made on the exit surface of the metal film. Note that Samples 1 and 2 have similar geometries but different groove periods, namely p U 1 6 ¼ p U 2 and p L 1 6 ¼ p L 2 . Under this condition, the combined structure (i.e., Sample 3) formed by combining Samples 1 and 2 shows mixed-period grooves surrounding the slit. In addition, Samples 1, 2, and 3 in Fig. 1 have the same slit width, i.e., a ¼ 40 nm, the same metal-film thickness, i.e., t ¼ 270 nm, and the same groove height which is the dielectric-layer thickness, i.e., h ¼ 80 nm.
The groove periods and the groove numbers of the periodic grooves on the upper side of the slit for Sample i (i ¼ 1 or 2) are denoted as p U i and n U i , respectively, and those on the lower side are denoted as p L i and n L i . The details of the groove periods for producing directional beaming for Samples 1 and 2 will be discussed in Section 3.1. Note that n U 1 ¼ n L 1 ¼ 5 and n U 2 ¼ n L 2 ¼ 5 are considered for Samples 1 and 2 for all situations discussed in Section 3 except the case in Fig. 6(d) -(f), as will be discussed in Section 3.2. Besides, all the grooves for Samples 1 and 2 have the same groove width, i.e., w ¼ 40 nm. We emphasize again that Sample 3 is formed by combining Samples 1 and 2, and thus it is difficult to directly define the groove pitches and the groove numbers for the surrounding mixed-period grooves of Sample 3. Hence, we use the symbols, ½ðp U 1 ; p L 1 Þ; ðp U 2 ; p L 2 Þ and ½ðn U 1 ; n L 1 Þ; ðn U 2 ; n L 2 Þ, to denote the combined groove pitches and the combined groove numbers for the mixed-period grooves for Sample 3, respectively.
Surface Plasmon Diffraction Theory
As was reported in previous publications, the typical slit-groove structures with symmetric grooves possess on-axis and multiple directional beaming [2] , [8] , [10] , and the typical slit-groove Fig. 1 . Schematics of two typical slit-groove structures, i.e., Samples 1 and 2, and the combined structure (the MPSG structure), i.e., Sample 3. For Samples 1 and 2, the groove period and the groove number of the periodic grooves on the upper and the lower sides of the slit are denoted as ðp U1 ; n U1 Þ, ðp L1 ; n L1 Þ, ðp U2 ; n U2 Þ, and ðp L2 ; n L2 Þ. For Sample 3, the combined groove number and the combined groove pitches of the surrounding mixed-period grooves of the slit are denoted by the symbols of ½ðp U1 ; p L1 Þ; ðp U2 ; p L2 Þ and ½ðn U1 ; n L1 Þ; ðn U2 ; n L2 Þ, respectively. For Samples 1 and 2 the slit width is a, metal-film thickness is t , the groove height (also the dielectric-layer thickness) is h, and the groove width is w . The impinging TM polarized light is at the wavelength of 0 . The red and the green arrows denote the diffracted beams that arise from the diffraction of the SPPs. structures with asymmetric grooves possess off-axis beaming [12] , [13] . From the physical point of view, the occurrence of these beaming effects can be attributed to the excitation of surface waves such as the SPPs by the slit and their coupling to diffracted beams through phase matching [6] , [10] , [20] . Such SPP diffraction theory is well known based on the following grating equations [10] , [20] . For a typical slit-groove structure like Sample 1 or 2, the diffracted beams emitted from the upper and the lower sides of the slit are governed, respectively, by the following equations:
In (1), U , m U ð¼ 0; AE1; AE2; AE3; . . .Þ, and p U are the diffraction angle, the diffraction order, and the groove period for the diffracted beam from the upper side of the slit, respectively, L , m L ð¼ 0; AE1; AE2; AE3; . . .Þ, and p L are the corresponding quantities from the lower side of the slit, k 0 is wavenumber of the diffracted beams in free space,ŷ refers to the coordinates shown in Fig. 1 , and k SPP U and k SPP L are real parts of the complex wavenumbers of the SPPs. Equation (1) describes how the SPPs are decoupled into light in the free space via the surrounding periodic grooves which act like gratings. Note that the SPP dispersion relation are altered by the groove height or surface corrugation/roughness caused by the undulated surfaces on both sides of the slit [20] . Such change of the SPP dispersion relation results from the multiple scattering [29] . For Samples 1 and 2, one thus assumes k SPP U ¼ k SPP L ¼ k SPP because the heights of grooves on both sides of the slit are the same. Also note that when the SPPs on both sides of the slit radiate light or diffracted beams in the same direction, namely U ¼ L ¼ ðÀ90 G G 90 Þ, the strong beaming phenomena can be observed for Sample 1 or 2.
In order to use the diffraction theory to verify our FDTD simulation results for Sample 1 or 2 in the later sections, some theoretical results by considering p U ¼ p L and p U 6 ¼ p L are derived via (1), as discussed in the following. First, consider p U ¼ p L ¼ p for Sample 1 or 2. In this case, strong twobeam symmetrical emitting can be observed when U ¼ L ¼ . By considering k SPP U ¼ k SPP L ¼ k SPP as mentioned above, it can be derived from (1) that the groove period p for producing strong beaming for Sample 1 or 2 satisfies the following relation:
In fact, for a typical slit-groove structure with symmetric grooves, it has been pointed out that the on-axis beaming and the multiple directional beaming such as two-beam symmetrical emitting, can be attributed to the superimposing of the first-order diffracted beams (i.e., m U ¼ 1 and m L ¼ 1) and the superimposing of the first-order and the second-order diffracted beams (i.e., m U ¼ 1 and m L ¼ 2, and m U ¼ 2 and m L ¼ 1) emerged from both sides of the slit, respectively [8] . With these points in mind, from (2) one can know that the on-axis beaming and the two-beam symmetrical emitting occur for the typical slit-groove structure, respectively, when this structure is with the groove period of p ðonÀaxisÞ ¼ 2k
SPP . Accordingly, based on the diffraction theory, one concludes that the ratio of p ðtwoÀbeamÞ to p ðonÀaxisÞ is 1.5. This ratio will be used to check our simulation results as will be shown in Section 3.1.
Second, consider p U 6 ¼ p L for Sample 1 or 2. In this case, a unidirectional off-axis beaming can be observed when both sides of the slit emit the diffracted beams in the same deviation angle with respective to the on-axis. Similarly, by considering U ¼ L ¼ and
The result of (3) will also be used to check our FDTD simulation results in Section 3.1.
So far, the beaming behaviors for Sample 1 or 2 have been analyzed by using the diffraction theory. Actually, the grating equation cannot be directly applied to analyze the diffraction behavior of the SPPs for Sample 3. Intuitively, it is a natural thought to consider Sample 3 may possess no beaming effects, owing to that the mixed-period grooves appear to possess no periodicities. However, our FDTD simulation results in Section 3.2 will demonstrate that Sample 3 possesses significant beaming phenomena.
Setup in the FDTD Program
A two-dimensional FDTD method [30] was used to calculate the electromagnetic (EM) fields for Samples 1, 2, and 3 in Fig. 1 . This numerical approach is a powerful tool for solving EM problems containing media with irregular geometries such as the surrounding mixed-period grooves of Sample 3. In our FDTD simulations, the discretization grid spacing was set to be 2.5 nm in both the x and y directions. The computational domain was set to be with 16-m width in the x direction and 24-m width in the y direction. A plane wave was considered (set at x ¼ 0:02 m) to normally impinge on the input surface of Samples 1, 2, and 3. The incident wavelength was taken to be 0 ¼ 532 nm and the light source was set to be of the TM polarization with the magnetic field parallel to the z direction in order to excite the SPPs.
In order to absorb the outgoing EM waves scattered from Samples 1, 2, and 3, the perfectly matched layers (PMLs) [30] were put on the boundaries to surround the computational domain along the x and y directions. The edges of Samples 1, 2, and 3 are extended through the perfectly matched layers along the y direction, that is, these samples are assumed to have infinite lengths in the y direction. Under this condition, the effects of the disturbance from the edge, such as light emerged from the upper and the lower edges of the sample to interfere with the light emerged from the slit, can be ignored. The exit surface, which is the interface between the metal and the dielectric, and the slit centerline of Samples 1, 2, and 3 were set at x ¼ 1:17 m and y ¼ 12:05 m, respectively. For all samples in Fig. 1 , the metal portions are made of silver with the refractive index of 0:13 þ j3:19 at 0 ¼ 532 nm [31] , and the dielectric portions are with the refractive index of 1.72 [12] . In our FDTD simulations, we use the Drude model to approximate the dispersive permittivity of the metallic film, namely,
In (4), ! is the angular frequency of the impinging light, 1 is the relative permittivity at infinite frequency, ! p is the plasma frequency, and is the damping constant. for silver at 0 ¼ 532 nm. From the FDTD calculated EM fields, which are in the form of phasor fields, the angular transmittances for Samples 1, 2, and 3 can be determined. Here, the angular transmittance refers to the angular distribution of the energy flux or Poynting vector of the transmitted light emitted from the subwavelength slit. By the definition in the EM theory, the time-averaged Poynting vector can be expressed asS
In (5), r is the radial coordinate, is the polar angle,Ẽ is the electric field phasor, andH Ã is the complex conjugate of the magnetic field phasor. Based on the calculated time-averaged Poynting vector, the angular transmittances can be determined for Samples 1, 2, and 3. The angular transmittance I is defined as
Here,r is the radial unit vector in the cylindrical coordinates,Sðr ; Þ N is the Poynting vector for the transmitted light for the sample with N grooves, andSðr ; Þ N¼0 is that for the one with all the grooves removed such that all the surface indentations are filled with dielectric for this sample, or the case with the bare slit. The detectors were positioned at r ¼ 10 À5 meters in order to record the Poynting vector of the transmitted light.
Numerical Results and Discussion
In order to set appropriate groove periods for Samples 1 and 2 to produce directional beaming, Section 3.1 begins with examining the angular transmittance distributions for a typical slit-groove structure by varying groove periods. After that, we will combine Samples 1 and 2 with appropriate groove periods for producing strong beaming with different beaming angles to form Sample 3, and explore the diffraction behaviors of the transmitted light emitted from the subwavelength slit of Sample 3, as will be investigated in Section 3.2. In particular, three types of two-beam nonsymmetrical emitting will be realized based on Sample 3 with the mixed-period grooves.
Directional On-Axis and Off-Axis Beaming From Samples 1 and 2
We first analyze the angular transmittance distribution for a typical slit-groove structure like Sample 1 or 2 by considering p U ¼ p L ¼ p. The angular transmittances for the typical slit-groove structure for different p's are shown in Fig. 2 . The gray curve in Fig. 2(a) or (b) , which shows the transmittance I ¼ 1 over the whole spectrum, is the calculated angular transmittance distribution for the bare-slit case. This curve is plotted as a reference transmittance, and the corresponding magnetic field intensity distribution is shown in Fig. 3(a) as the reference field. Fig. 3(a) shows that the transmitted light emerged from the slit is with a broad angular distribution. In other words, the transmitted light behind the bare slit diffracts almost uniformly in all directions. Such diffraction phenomenon is a characteristic of a subwavelength slit. Note that the ratio of 0 to a is 13.3 in this case. However, it is seen in the inset of Fig. 3(a) that some (energy) of the transmitted light is confined by the SPPs at the metal-dielectric interfaces instead of being diffracted. The SPPs are launched because of the subwavelength feature of the slit [32] , [33] . The SPPs are evanescent in the near field. Due to lack of surface corrugations such as periodic grooves on both sides of the slit, no beaming effects are observed in Fig. 3(a) for the bare slit.
Next, we examine the diffraction behaviors behind the slit for the typical slit-groove structures with increasing groove period, such as p ¼ 240, 250, and 270 nm, and the corresponding angular transmittance distributions are shown as the cyan, the brown, and the pink curves in Fig. 2(a) , Fig 
The red curve with dots is associated with on-axis beaming.
respectively. In Fig. 2(a) , the cyan, the brown, and the pink curves respectively show dual peaks at % AE42:2 , AE27:7 , and AE14:4 . The peaks at the angles for G 0 and 9 0 for the three curves are due to the diffractions of the SPPs located on the upper and the lower sides of the slit, respectively. It is obvious that the shapes for the above-mentioned dual peaks are not of singlepeak characteristic since the diffracted beams from both sides of the slit are not both emitted at the diffraction angles associated with the dual peaks. In other words, the beaming effects for the typical slit-groove structure for p ¼ 240, 250, and 270 nm are relatively weak.
From the dual peaks of the curves for p ¼ 240, 250, and 270 nm in Fig. 2(a) , one can see that the larger the groove period, the closer the two peaks. Accordingly, one may deduce that a single peak may appear for the angular transmittance distribution for the typical slit-groove structure when the groove period is sufficiently large. Therefore, we increased the groove period from p ¼ 270 to 310 nm and the angular transmittance distribution for p ¼ 310 nm is shown as the red curve with dots in Fig. 2(b) , which shows a single narrow peak with high transmittance appears at ¼ 0 . The corresponding magnetic field intensity distribution is shown in Fig. 3(b) , which clearly presents the transmitted light emitted from the slit forms a strong on-axis beaming propagating in the direction normal to the exit surface of the film. The occurrence of this strong beaming is due to that the diffracted beams or waves from both sides of the slit are emitted in the same direction, and interfere constructively.
When we continue to increase the groove period to p ¼ 350 and 460 nm, the angular transmittance distributions for the typical slit-groove structure show dual peaks again, as plotted as the green and the blue curves in Fig. 2(b) , respectively, and the magnetic field intensity distributions are shown in Fig. 3(c) and (d), respectively. From Fig. 3(c) [scissor-like beaming] and (d) [two-beam emitting] it is clear that the dual peaks for the green and the blue curves in Fig. 2(b) are owing to the diffracted beams from both sides of the slit. In addition, we notice that the two-beam symmetrical emitting in Fig. 3(d) is similar to the result for the two directional beaming as reported in [8] , although the typical slit-groove structure investigated in this work is made of real metal and dielectric instead of the purely perfect electric conductor as investigated in [8] . In fact, by calculating the ratio of the groove period associated with the two-beam emitting of Fig. 3(d) for p ¼ 460 nm to the groove period associated with the on-axis beaming of Fig. 3(b) for p ¼ 310 nm, the ratio 1.48 is in a good agreement with the theoretical result of 1.5 as was predicted in Section 2.2 via (2). Accordingly, the two-beam emitting in Fig. 3(d) confirms that the multiple directional beaming phenomenon not only occurs for a metal slit surrounded with symmetric metal grooves but also a metal slit surrounded with symmetric dielectric grooves.
In short, from Fig. 3(b) - (d) it is confirmed that the diffraction angles of the diffracted beams from both sides of the slit can be changed by fine-tuning the groove periods of the surrounding grooves of the typical slit-groove structure. On the other hand, it is possible to produce a significant off-axis beaming by choosing appropriate p U and p L for the slit-groove structure, as long as these groove periods make the diffracted beams from both sides of the slit emit in the same off-axis angle. For the purpose of creating the unidirectional off-axis beaming, next we examine the diffraction behavior for the typical slit-groove structure by considering p U 6 ¼ p L .
For example, first recall that the angular transmittance distribution for the typical slit-groove structure with p U ¼ p L ¼ 350 nm shows the dual peaks at % AE9:2 , referring to the green curve in Fig. 2(b) . Then, we gradually decrease p L from 350 nm to adjust the diffraction angle of the diffracted beam from the lower side of the slit. The angular transmittance distributions for the typical slit-groove structure with several smaller p L 's are shown in Fig. 4(a1) . A single narrow peak at % 10:7 with high transmittance is observed in the red curve with dots of Fig. 4 (a1) with p U ¼ 350 nm and p L ¼ 290 nm. The corresponding magnetic field intensity distribution is shown in Fig. 4(a2) , which shows clearly an off-axis beaming at % 10:7
. This directional beaming is owing to that the diffracted beams emitted from both sides of the slit interfere constructively in almost the same direction at % 10:7 . Also recall that the blue curve in Fig. 2(b) with p U ¼ p L ¼ 460 nm shows the dual peaks at angles % AE36:5
. We also gradually decrease p L from 460 nm and the angular transmittance distributions for the typical slit-groove structure with several smaller p L 's are shown in Fig. 4(b1) . Similarly, a single narrow peak at % 37:2 with high transmittance is observed in the red curve with dots of Fig. 4(b1) with p U ¼ 460 nm and p L ¼ 240 nm. As expected, the corresponding magnetic field intensity distribution shown in Fig. 4 (b2) appears to have an off-axis beaming as well at % 37:2 . So far, we have found out four parameter sets for the groove periods p U and p L for designing Sample 1 or 2 to give directional beaming at four different beaming angles. The four parameter sets and the corresponding beaming angles are summarized in Table 1 . The beaming angles predicted by (3) are also shown in Table 1 for checking the FDTD calculated beaming angles. Inspection of beaming angles presented in Table 1 shows that the agreement between our FDTD numerical results and the theoretical predictions is fairly good. The difference in the beaming angle between the theoretical and the numerical results could be attributed to the finite-size effect of the gratings with finite groove numbers on both sides of the slit, since (3) is derived for a grating with infinite number of grooves rather than a finite number of grooves.
We have also conducted the following examination. We vary the dielectric thickness for the abovementioned Sample 1 or 2 to observe the influence of k SPP on the beaming phenomenon. As an example, we calculate the transmittance angular distributions for Sample 1 or 2 with p U ¼ 350 nm and p L ¼ 290 nm (namely, Set A in Table 1 ) for h ¼ 80, 100, 120, and 140 nm. The FDTD calculated results are shown in Fig. 5 . From Fig. 5 it is clear that Sample 1 or 2 with different dielectric-layer thicknesses shows different beaming phenomena. For example, the blue curve for h ¼ 120 nm shows a splitting peak, unlike the red curve for h ¼ 80 nm shows a single peak. Such result could be understood via (2) and (3). It can be seen in (2) that the groove period for producing a strong beaming is a function of k SPP , and in (3) that the off-axis beaming angle is dependent on the groove period. Accordingly, based on (2) and (3), it can be concluded that the beaming phenomenon should be dependent on k SPP .
Two-Beam Non-Symmetrical and Symmetrical Emitting for Sample 3
After verifying the numerical results, next we explore the beaming effects for Sample 3. This subsection shows that via selecting appropriate groove periods for Samples 1 and 2 for producing directional beaming, two-beam non-symmetrical and symmetrical emitting can be achieved by the corresponding combined sample, i.e., Sample 3. The following will present three conditions for the two-beam non-symmetrical emitting for Sample 3. The following Samples 3 are formed by combining Samples 1 and 2 by considering p U1 6 ¼ p L2 and p U2 6 ¼ p L1 . TABLE 1 Four parameter sets for p U and p L for Sample 1 or 2 at 0 ¼ 532 nm. The third and the fourth rows show the beaming angles calculated by the FDTD method and predicted by the SPP grating diffraction theory, respectively. In (3), the diffraction orders are considered to be m U ¼ 1 and m L ¼ 1 Fig. 5 . Angular transmittance distributions I for Sample 1 or 2 with different dielectric-layer thicknesses for h ¼ 80, 100, 120, and 140 nm. All geometrical parameters are the same as Sample 1 or 2 in Fig. 4(a1) for the red curve with dots except h. 
The fourth, the fifth, and the sixth Samples 3 are formed by combining the same Samples 1 and 2 used in (a), (b), and (c) but with different groove numbers, namely (d) n U1 ¼ n L1 ¼ 4 and n U2 ¼ n L2 ¼ 10, (e) n U1 ¼ n L1 ¼ 5 and n U2 ¼ n L2 ¼ 8, and (f) n U1 ¼ n L1 ¼ 5 and n U2 ¼ n L2 ¼ 13, respectively. (g) The last Sample 3 is formed by combining Sample 1 with p U1 ¼ 290 nm and p L1 ¼ 350 nm and Sample 2 with p U2 ¼ 350 nm and p L2 ¼ 290 nm, where
The other geometrical parameters of all the above-mentioned samples are the same, i.e., a ¼ w ¼ 40 nm, t ¼ 270 nm, and h ¼ 80 nm. For the mixed-period grooves of each Sample 3, the grooves associated only with Sample 2 are indicated by arrows with solid lines, the grooves associated with both Samples 1 and 2 (that is, overlapping grooves) are indicated by arrows with dashed lines, and other grooves are associated with Sample 1 only.
First, we select the parameters for Sets A and D from Table 1 as the groove periods for Samples 1 and 2, respectively, to form Sample 3, as is shown in Fig. 6(a) . The magnetic field intensity distribution for Sample 3 is shown in Fig. 7(a1) , demonstrating that the transmitted light emerged from the slit forms two beams. Note that both beams appear on the upper side of the slit centerline. In order to know the splitting angles for the two-beam emitting, the angular transmittance distribution for Sample 3 is presented as the red curve in Fig. 7(a2) . From the two major peaks of the red curve it is clear that the splitting angles for the lower and the upper beams for the non-symmetrical emitting in Fig. 7(a1 , respectively. Second, we select the parameters for Sets B and D from Table 1 as the groove periods for Samples 1 and 2, respectively, to form Sample 3, as is shown in Fig. 6(b) . The magnetic field intensity distribution for Sample 3 is shown in Fig. 7(b1) . The transmitted light emerged from the slit also forms two beams, however in this case one beam appears on the lower side of the slit centerline and the other appears on the upper side. The angular transmittance distribution for Sample 3 is presented as the red curve in Fig. 7(b2) . The two major peaks of the red curve show that the splitting angles for the lower and the upper beams for the non-symmetrical emitting in Fig. 7 (b1) are 0 B % À7:9 and 0 D % 34:2 , respectively. Third, we select the parameters for Sets C and D from Table 1 as the groove periods for Samples 1 and 2, respectively, to form Sample 3, as is shown in Fig. 6(c) . The magnetic field intensity distribution for Sample 3 is shown in Fig. 7(c1) . The transmitted light emerged from the slit forms two beams as well, but now the lower beam of the two is produced to emit almost with the angle of ¼ 0 . , and (c3) show magnetic field intensity jH z j distributions for the same Sample 3 in Fig. 6 (a)-(f), respectively. In (a2), (b2), and (c2), the red and the green curves, respectively, show angular transmittance distributions I for the same Sample 3 in Fig. 6 (a)-(f).
As indicated by the left major peak of the red curve in the corresponding angular transmittance distribution in Fig. 7(c2) , the splitting angle for the lower beam is 0 C % 2:2 . The right major peak of this red curve shows that the splitting angle for the upper beam is 0 D % 34:9 . According to the locations of the two beams relative to the slit centerline, the two-beam nonsymmetrical emitting produced by Sample 3 could be classified into three types, called Types I, II, and III hereafter, referring to the two beams emitting on the same side of the slit centerline, on different sides of the slit centerline, and with one beam nearly along the slit centerline (an on-axislike beaming), as demonstrated in Fig. 7(a1) , (b1), and (c1), respectively. For convenience, the groove periods and the splitting angles for Types I, II, and III for these Samples 3 are summarized in Table 2 .
Now we examine the similarities between the two-beam emitting produced by Sample 3 and the unidirectional beaming produced by the corresponding Samples 1 and 2. We compare the splitting angles in Table 2 with the corresponding beaming angles calculated by the FDTD method in Table 1 , i.e., with D % 37:2 for Type III, respectively, and we find that the splitting angles of the lower and the upper beams for Sample 3 are respectively similar to the beaming angles of the corresponding Samples 1 and 2. Accordingly, we conclude that Sample 3 could be created to possess two-beam emitting with flexible splitting angles via combining Samples 1 and 2, as long as Samples 1 and 2 are designed to possess unidirectional beaming with desired beaming angles. Also, the abovementioned results for the similarities of beaming angles imply that the two-beam non-symmetrical emitting is resulting from the constructive interference of diffracted beams emitted from both sides of the slit of Sample 3. Specifically, the upper grooves of Sample 3 emit two diffracted beams with different directions to constructively interfere with the ones emitted from the lower side of Sample 3, thus leading to the two-beam non-symmetrical emitting.
We also investigate the power ratios for the two-beam non-symmetrical emitting for Types I, II, and III. For the two major peaks of the red curve in Fig. 7(a2), (b2) , or (c2), the power ratio is defined as the ratio of the peak value of the major peak which has the larger angular transmittance to the peak value of the other major peak. Thus, from the red curves in Fig. 7(a2) , (b2), and (c2), it is clear that the power ratios for Types I, II, and III are about 1.6 (the ratio of T % 10:1 for the major peak at , respectively. Apparently, the power ratios for Types I, II, and III are all not equal to unity. This can be understood by the diffraction efficiency as in the following. Samples 1 and 2 have different groove periods, that is, p U 1 6 ¼ p U 2 and p L 1 6 ¼ p L 2 , and therefore the surrounding gratings of Sample 1 and those of Sample 2 have different diffraction efficiencies. In this case, the unidirectional beaming produced by Sample 1 and the one produced by Sample 2 have different beaming intensities, causing the power ratio for the two-beam non-symmetrical emitting for the corresponding Sample 3 to be not equal to unity. Nevertheless, we find that the power ratio for the two-beam non-symmetrical emitting for Sample 3 could be adjusted to unity, as along as the corresponding Samples 1 and 2 are with appropriate groove numbers. For instance, for the same Sample 3 in Fig. 7(a) , we replace its groove TABLE 2 Three types of two-beam non-symmetrical emitting for Type I in Fig. 7(a1) , Type II in Fig. 7(b1) , and Type III in Fig. 7(c1) number with ½ðn U 1 ; n L 1 Þ; ðn U 2 ; n L 2 Þ ¼ ½ð4; 4Þ; ð10; 10Þ to form another Sample 3 as is shown in Fig. 6(d) , and the corresponding angular transmittance distribution is shown as the green curve in Fig. 7(a2) . From this green curve, it is seen that the power ratio has been adjusted to be nearly unity, which is between T % 8:9 for the major peak at % 36: 6 and T % 8:8 for the one at % 14:4 . In the same way, we replace the groove number for the same Samples 3 in Fig. 7(b) and (c) with ½ðn U 1 ; n L 1 Þ; ðn U 2 ; n L 2 Þ ¼ ½ð5; 5Þ; ð8; 8Þ and [(5; 5), (13; 13)] as is shown in Fig. 6 (e) and (f), respectively. The angular transmittance distributions for the former and the later cases are shown as the green curves in Fig. 7(b2) and (c2) , respectively. Similarly, with appropriate groove numbers, these green curves show that the power ratios for both samples also could be tuned to almost unity. Note that in Fig. 7(b2) , the ratio is between T % 8:2 for the major peak at % À7: 8 and T % 8:2 for the major peak at % 35:2 , and in Fig. 7(c2) , the ratio is between T % 8:5 at % 35:7 and T % 8:4 at % 3:1 . The above results demonstrate that the power ratio for the two-beam non-symmetrical emitting for Sample 3 could be adjusted to be nearly unity by changing the groove numbers. This is due to the beaming intensities for Samples 1 and 2 can be adjusted via fine-tuning the numbers of their surrounding grooves. The corresponding magnetic field intensities for the above-mentioned Samples 3 with ½ðn U 1 ; n L 1 Þ; ðn U 2 ; n L 2 Þ ¼ ½ð4; 4Þ; ð10; 10Þ, [(5; 5) , (8; 8) ], and [(5; 5), (13; 13) ] are shown in Fig. 7(a3) , (b3), and (c3), respectively. From Fig. 7(a3) , (b3), and (c3), it is seen that Samples 3 still produce clear two-beam non-symmetrical emitting like Types I, II, and III in Fig. 7(a1) , (b1), and (c1), respectively, even if the surrounding groove numbers are changed.
Finally, we investigate the beaming phenomenon for Sample 3 that is formed by combining Samples 1 and 2 with p U 1 ¼ p L 2 and p U 2 ¼ p L 1 . As an example, we select the parameters for Sets A and B from Table 1 as the groove periods for Samples 1 and 2 to form Sample 3 as is shown in Fig. 6(g) , respectively. The magnetic field intensity distribution is shown in Fig. 8(a) . Fig. 8(a) clearly shows that Sample 3 produces two-beam symmetrical emitting for the transmitted light emitted from the slit. From the two major peaks of the red curve for the angular transmittance distribution in Fig. 8(b) , the splitting angles for the two-beam symmetrical emitting in Fig. 8(a) can be seen. As expected, the two splitting angles for the upper and the lower beams for Sample 3, i.e., , are very close to the beaming angles for the corresponding Samples 1 and 2, i.e., A % 10:7 and B % À10:7 as summarized in Table 1 for Sets A and B, respectively. Accordingly, one may conclude that Sample 3 with mixed-period grooves also could produce symmetrical multiple beams with desired splitting angles. Of course, the groove pitches of the surrounding mixed-period grooves should be symmetric and carefully designed. 
Concluding Remarks
In conclusion, we have proposed a slit-groove-based structure called the MPSG structure for achieving two-beam non-symmetrical or symmetrical emitting for light emerged from a subwavelength structure. Our FDTD numerical results for the beaming phenomena are consistent with the theoretical results given by the surface plasmon diffraction theory. Then we have investigated the beaming phenomena for the MPSG structure, and the obtained results for the proposed structure can be summarized as follows. (1) By combining two typical slit-groove structures, two-beam non-symmetrical or symmetrical emitting can be created for the combined slitgroove MPSG structure. (2) The two-beam emitting phenomena for Sample 3 possess splitting angles which are close to the beaming angles of the unidirectional beaming phenomena for Samples 1 and 2. (3) The power ratio of the two-beam non-symmetrical emitting can be adjusted to almost unity by fine-tuning the number of the surrounding grooves of the MPSG structure to an appropriate value. In addition, our FDTD results for the two-beam emitting phenomena demonstrate that not only the periodic but also the non-periodic grooves could be used to produce significant directional beaming as long as the non-periodic groove pitches are carefully designed. Owing to the flexibility for producing two-beam non-symmetrical and symmetrical emitting, we believe the presented MPSG structure will have potential applications in compact beam-splitters for use in miniatured photonic integrated circuits.
